We therefore decided to test the influence of light upon the timing of cell cycle progression in this vertebrate. We examined Summary 6-day-old zebrafish larvae raised at 25ЊC. At this temperature, larvae hatch early during day 4 and start active The timing of cell proliferation is a key factor contributing to the regulation of normal growth. Daily rhythms daytime feeding around 9 days post fertilization. Groups of sibling larvae were raised either in forward or reversed of cell cycle progression have been documented in a wide range of organisms [1, 2]. However, little is known light-dark cycles (LD or DL, respectively, with 12 hr light and 12 hr dark periods) or maintained in constant darkabout how environmental, humoral, and cell-autonomous factors contribute to these rhythms. Here, we ness (DD). The larvae were kept in thermostatically controlled water baths to avoid temperature variations that demonstrate that light plays a key role in cell cycle regulation in the zebrafish. Exposure of larvae to lightcould influence cell proliferation. During day 6, starting at ZT3 (zeitgeber time 3, where ZT0 is defined as lights dark (LD) cycles causes a range of different cell types to enter S phase predominantly at the end of the day. on), we treated larvae at six hourly intervals with the thymidine analog bromodeoxyuridine (BrdU). BrdU is When larvae are raised in constant darkness (DD), a low level of arrhythmic S phase is observed. In addiincorporated into DNA only during its replication and so constitutes an unambiguous marker for S phase nuclei. tion, light-entrained cell cycle rhythms persist for several days after transfer to DD, both observations pointIn a LD cycle ( Figure 1A ), abundant stained nuclei distributed uniformly over the larvae were observed at ing to the involvement of the circadian clock [3-6]. We show that the number of LD cycles experienced is the ZT9 time point (3 hr before lights off), while only very low numbers were detected at ZT21 (3 hr before lights essential for establishing this rhythm during larval development. Furthermore, we reveal that the same pheon). Larvae sacrificed at ZT3 and ZT15 showed intermediate numbers of S phase nuclei. Shifting the phase of nomenon exists in a zebrafish cell line. This represents the first example of a vertebrate cell culture system the LD cycle by 12 hr in sibling larvae (DL conditions) led to a 12 hr shift of the rhythm ( Figure 1A) , thereby where circadian rhythms of the cell cycle are observed.
conditions. These observations imply that exposure of of the day. Interestingly, in certain unicellular organisms, S phase is also timed to occur at the end of the day or zebrafish to LD cycles might constitute a mitogenic stimulus. A higher-resolution analysis was performed, labelduring the night [13] . This has led to the hypothesis that the adaptive significance of daily timing of the cell cycle ing LD larvae each 2 hr ( Figure 1C) . The results of this analysis show that the period of elevated S phase lasts is to avoid DNA damage induced by UV radiation in sunlight during the critical step of DNA replication [13] . for approximately 8 hr with a peak 3 hr before the end Time-of-day-dependent changes in the spectral composition of sunlight penetrating water may result in the observed late afternoon increase in S phase correlating with low UV exposure [14] . Alternatively, entry into S phase at the end of the day could ensure the appropriate timing of mitosis.
We wished to determine whether the light-directed rhythm of S phase was only a skin-cell-specific property. Therefore, we selected tissues derived from two other embryonic germ layers: the heart and the gut. The heart has been previously reported to contain a directly lightentrainable circadian clock [10] and, contrary to the skin, would be predicted to show low levels of cell proliferation. BrdU labeling of the hearts dissected from 6-dayold larvae raised in a LD cycle revealed a rhythm of S phase nuclei that was similar in timing to that documented in the skin but with a significantly lower amplitude (Figures 2A and 2B ). In the gut, a high-amplitude rhythm of S phase was detected similar to that seen in the skin (data not shown). The presence of BrdU-labeled nuclei in these organs strongly suggests that this phenomenon exists in various cell types. Thus, the timing of cell proliferation in many tissues seems to be influenced by light. Interestingly, we have observed the highest-amplitude rhythms of S phase in tissues that manifest sustained high levels of cell proliferation and regeneration, suggesting the importance of this temporal regulation under conditions of rapid cell turnover in vivo. It is difficult to predict how changes in the rate of cell proliferation in such tissues would alter how rapidly they grow. However, it would be interesting to determine whether fish raised for long periods in constant darkness show reduced growth.
We next asked how this S phase rhythm is regulated. The prediction for a purely light-driven process would be that upon transfer to constant darkness, rhythmicity would rapidly be abolished. We therefore tested the persistence of light-entrained S phase rhythmicity in embryos that were raised for 5 days in LD and DL cycles and then transferred to DD. On the second and third We next investigated when during development the at 25ЊC on day 4 revealed a low-amplitude (2-to 3-fold) rhythm with nuclei uniformly distributed over the entire body ( Figure 3A) . We then questioned whether the number of LD cycles experienced or the developmental stage contributed to the amplitude of light-entrainable S phase rhythms. Specifically, we tested whether accelerating development by raising the embryos at higher temperatures led to an earlier appearance of a highamplitude rhythm. Initially, we raised sets of embryos for 4 days at 25ЊC, 28ЊC, or 30ЊC in LD conditions. The higher temperatures resulted in a significant acceleration of the rate of development and, consequently, hatching was advanced to 2.5 days post fertilization in 28ЊC fish and 1.5 days in 30ЊC fish. Examination revealed that the 4-day-old 28ЊC and 30ЊC larvae were comparable or slightly advanced in developmental stage relative to 6-day-old 25ЊC fish ( Figure 3B ). The 4-day-old 30ЊC larvae showed a low-amplitude S phase rhythm only slightly increased relative to that of 4-day-old 25ЊC and 28ЊC larvae ( Figure 3C ). These results contrast with the high-amplitude rhythm observed for 6-day-old larvae raised at 25ЊC ( Figure 3C ). Finally, examination of 5-dayold larvae raised at 30ЊC confirmed that the characteristic increase in rhythm amplitude did subsequently occur in the larvae raised at higher temperatures ( Figure 3D control [19] . By this mechanism, circadian rhythms of progression in zebrafish embryo-derived cell cultures that have been previously reported to contain a directly hormone release direct many physiological processes including growth [9] . Thus, the possibility that such horlight-entrainable circadian clock [10, 22] . This approach also allowed us to confirm the involvement of the zebramonal signals might direct timing of the cell cycle in zebrafish cannot be excluded. Alternatively, clock fish circadian clock in regulating cell cycle progression in a system more simple than the developing larva. components might directly control cell cycle regulatory factors cell autonomously. Recently, the mPER2 clock PAC-2 cell cultures were seeded at subconfluence and exposed for 6 days to LD, DL, or DD conditions. The protein in mouse has been implicated as a tumor suppressor [20] , and the direct regulation of cell cycle reguculture medium was then supplemented with BrdU at given time points and the number of labeled cells was latory genes by clock components has been documented during hepatic regeneration in mouse [21] . In measured using an ELISA assay. When cultures were exposed to LD cycles, they showed a robust 24 hr order to determine the contribution of cell-autonomous regulation, we examined the effect of light on cell cycle rhythm of S phase cells with a peak at the light-dark transition, slightly later than that observed in the larvae. contribution of the circadian clock in generating rhythms of cell cycle progression. This rhythm was phase shifted by 12 hr in cells exposed to DL cycles ( Figure 4A) 
